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Abstract 
There is a real need for a device which is capable of detecting low levels of H2 ranging from 0.1 ppm to 100 ppm for applications 
involving leak detection in hydrogen fuel storage systems. Due to its versatile properties, ZnO thin films are good candidate for 
hydrogen gas detection. This research addresses the H2 gas sensitivity of ZnO thin films as a function of film thickness. Zn thin 
films of different thicknesses (100, 150 and 200 nm) were deposited, using e-beam evaporation technique on SiO2/Si substrates 
and then post-annealed at 500 °C temperature with a constant oxygen gas flow. Crystallographic structure of ZnO thin films was 
studied by X-Ray Diffraction (XRD) method while a Field Emission Scanning Electron Microscope (FESEM) was used for 
surface morphology and chemical composition studies. Electrical resistivity and carrier concentration of samples were measured 
by a four point probe instrument and Hall effect investigation system, respectively. The electrical response of ZnO thin films was 
tested to 40 ppm of H2 gas in the temperature range of 200-450 °C. Results showed that the best sensitivity was attributed to the 
ZnO film of 100 nm thickness at the operating temperature of 400 °C while an increase in film thickness and operating 
temperature caused the reducing of H2 gas sensitivity of the samples. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of UFGNSM15. 
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1. Introduction 
ZnO is a multifunctional material, Xu et al. (2000). Because of its high chemical stability, low dielectric constant, 
large electromechanical coupling coefficient and high luminous transmittance, ZnO materials have been widely used 
as dielectric ceramic, pigment, catalyst and sensing material, Xu et al. (2000), Lou et al. (1991), Khojier et al. 
(2014). There are many reports in the literature on the use of nano-structured ZnO material of varied morphologies 
for the detection of several gases including NO2, LPG, CO, H2S, H2 and NH3, Hung et al. (2009), Al-Hardan et al. 
(2009), Kannan et al. (2014), Shewale et al. (2013), Öztürk et al. (2011), Liu et al. (2005). Furthermore, ZnO has 
been reported to be one of the most promising materials for detecting volatile organic compounds such as ethanol, 
acetone, formaldehyde, benzene and toluene, Kannan et al. (2014), BhoolokaRao (2000), Anno et al. (1995), Chu et 
al. (2009), Xu et al. (2006), Gong et al. (2010). However, all of these abilities are strongly affected by growth 
methods and preparation parameters.  
In previous research, Khojier et al. (2015), we have studied the effect of annealing conditions on electrical and 
sensing properties of ZnO thin films and found the optimum annealing conditions which caused the best sensitivity 
of ZnO thin films to H2 gas. But in this work, we have deposited the Zn thin films with different thicknesses by e-
beam evaporation method, and then post-annealed them in optimum conditions obtained from previous work and 
investigated the influence of thickness on electrical properties and sensitivity of ZnO thin films to H2 gas.    
2. Experimental details 
Ultrasonically cleaned Si(400) substrate was oxidized in a horizontal tube furnace (Exciton, 1200-30/6, T.H, Iran 
equipped to Shinko temperature programmable controller – PCD 33A) with an oxygen gas flow of 200 standard 
cubic centimeter per second (sccm) at 1100 °C to obtain SiO2 layer. In order to fabricate gas sensing elements based 
on ZnO thin films, a pair of parallel Pt electrodes was first deposited on the SiO2/Si(400) substrates by sputtering 
using a mask made for this application. The device was then annealed at 500 °C for 90 min with flow of (200 sccm) 
high purity argon (Ar) gas in the above mentioned furnace. The schematic view of the substrate is shown in Khojier 
et al. (2015). Zn thin films with different thickness (100, 150 and 200 nm thicknesses) were deposited on Pt/SiO2/Si 
substrates, using electron beam evaporation at room temperature. The purity of zinc was 99.998% and an Edwards 
(Edwards E19 A3) coating plant with a base pressure of 2×10−7 mbar was used. Film thickness and the deposition 
rate were measured using a quartz crystal deposition rate controller (Sigma Instruments, SQM-160, USA) positioned 
close to the substrate. The deposition rate and deposition angle were 0.3 Å/s and 10°, respectively. Post-annealing of 
the thin films was performed in the tube furnace mentioned above at 500 °C with an oxygen flow of 200 sccm. The 
samples were reached the selected annealing temperature with a thermal gradient of 7°/min and were kept at the 
annealing temperature of 60 min, then gradually cooled down to room temperature in the annealing environment.  
Crystallographic structure of the ZnO films was obtained using a Philips X’pert MPD X-ray Diffractometer (Cu 
Kα radiation) with a step size of 0.02° and the step time of 1 s. A field emission scanning electron microscope 
(FESEM) (CamScan MV2300, Czech & England) was employed for investigation of the surface physical 
morphology and the chemical composition of the produced samples.  
The DC electrical resistivity was measured using a four point probe instrument at room temperature, while the 
Hall coefficient of the samples was measured using a Hall effect system with a magnetic field strength of 0.25 T for 
evaluation of the carriers concentration and Hall mobility. 
In order to investigate the gas sensing of the samples, they were positioned on a hot plate inside an airtight 
stainless steel chamber (a domestic made system). A DC power supply was used to supply the current to the heat 
elements of the hot plate. The operation temperature of the sensor was measured by a thermocouple mounted on the 
substrate. The current-voltage measurements were carried out on the samples at different DC voltages and the 
change in current with time was recorded. The schematic illustration of gas sensing measurement system is given in 
Khojier et al. (2015). The electrical response of ZnO films was tested to 40 ppm of H2 gas at different temperatures 
in the range of 200-450 °C. The hydrogen gas flow was controlled by a mass flow controller (SLA-5800, BROOKS 
Instrument, USA) and then was balanced with air before injection to the chamber. The electrical resistance of ZnO 
film in the air (Rair) and in the presence of H2 (Rgas) was measured to evaluate the response and response time. The 
response, S, defines as, Khojier et al. (2015): 
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and the response time also defines as the time interval over which resistance of the sensor materials attains a 
fixed percentage (usually 90%) of final value when the sensor is exposed to full scale concentration of the gas. 
3. Results and Discussion 
X-ray diffraction (XRD) pattern of all ZnO thin films produced in this work are shown in Fig. 1. It can be seen 
that the XRD patterns of all samples with various thicknesses show three same peaks at 31.77°, 34.43° and 36.27° 
that can be attributed to the ZnO(100), ZnO(002), ZnO(101) crystallographic orientations (with reference to JCPDS 
Card no.: 36–1451, symmetry: hexagonal P and space group: P63mc), respectively. However, the intensity of peaks 
was decreased by increasing the thickness of the Zn films. Similar crystallographic structure for produced ZnO 
samples with the post-annealing of e-beam evaporated Zn thin films is also reported in the previous literatures, 
Khojier et al. (2014), Khojier et al. (2015), Kim et al. (2003, Hsieh et al. (2010). 
 
Fig. 1. XRD patterns of ZnO thin films with different thicknesses (a) 100 nm; (b) 150 nm; and (c) 200 nm. 
 
Fig. 2a depicts FESEM micrographs of the selected ZnO thin film with 100 nm thickness. As can be seen, this 
figure shows a mixed structure of nanowires and nanosheets. However, the surface morphology of the samples did 
not change film thickness. 
The chemical composition of all ZnO thin films obtained using energy dispersive X-ray (EDX) analysis is given 
in row 2 of Table 1, while a typical EDX spectrum related to the sample of 100 nm thickness is shown in Fig. 2b. 
Results show that consistent with XRD results, the ratio of O/Zn decreases with thickness. It is expected that thinner 
film have smaller grains and wider voids while thicker films contain larger grains and narrower voids (Structure 
Zone Model), hence oxygen can penetrate better/deeper in thinner films. 
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Fig. 2. (a) FESEM micrograph; (b) EDX spectrum of ZnO thin film of 100 nm thickness. 
Hall mobility, surface carrier concentration and resistivity of the samples at room temperature are given in rows 
3 of Table 1. It can be seen that the thinner samples with higher O/Zn ratio show lower carrier concentration and 
Hall mobility and higher values for resistivity. 
All ZnO thin films produced in this work were exposed to 40 ppm H2 gas in the temperature range of 200-450 °C 
at increments of 50 °C to determine the optimum operating temperature of these sensors. After exposure of the 
samples to 40 ppm of H2 gas, the resistance decreased, and then increased rapidly with outage of H2 gas. This 
observed behavior may be explained as follow Liu et al. (2005) and Khojier et al. (2015): as a consequence of 
reaction of hydrogen with oxygen of the surface of ZnO thin film water molecules and oxygen vacancies are formed 
which in turn cause electrons to be transferred to the conduction band, hence reducing the resistance of the 
sample/sensor. When the sensing chamber is purged with air the vacancies formed in the aforementioned process 
will be occupied by oxygen which in turn cause electrons to be captured from the conduction band, hence the 
resistance of the sensor increases. 
Results of the above mention measurements are shown in Fig. 3. From these results, consistent with our previous 
study, Khojier et al. (2015), it can be deduced that the highest sensitivity for all ZnO thin films with various 
thicknesses is obtained at 400 °C. The decrease of sensor response at higher temperature of 450 °C may have been 
caused by the removal or loss of oxygen at this (high) temperature from the bulk of the metal oxide material, 
Moseley et al. (1991) and Tiburcio-Silver et al. (2004), and an increase in carrier concentration due to the increase in 
temperature. 
 
Fig. 3. Response of ZnO thin films with different thickness as a function of temperature. 
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The response and response time of ZnO thin films with different thicknesses prepared in this work at the 
operating temperature 400 °C are given in row 4 of table 1. The results show that ZnO films sensitivity decreases 
with thickness, so that the best sensitivity is attributed to sample of 100 nm thickness. This behavior may be related 
to the fact that the thinner samples with lower carrier concentration and higher resistance show higher sensitivity. 
Table 1. Results of EDX analysis and electrical and sensing properties. 
Sample Thickness 100 nm 150 nm 200 nm 
EDX analysis Zn at(%) 46.40 46.60 46.70 
O at(%) 53.60 53.40 53.30 
Electrical properties n ×1016 (cm-3) 6.2 6.6 6.9 
µ (cm2.V-1.s-1) 5.8 6 6.4 
ρ (Ω.cm) 17.3 15.7 14.1 
Sensing properties Response 59 42 30 
Response time (s) 102 138 175 
4. Conclusion 
Zn thin films with various thicknesses (100, 150 and 200 nm) were deposited by e-beam evaporation method on 
SiO2/Si substrates, and then post-annealed at 500 °C with a constant flow of oxygen for 60 min. Effect of film 
thickness on electrical properties and sensitivity of ZnO thin films to 40 ppm H2 gas was investigated. The results 
showed that the films of 100 nm thickness had the best sensitivity while an increase in thickness caused a decrease 
in sensitivity. Structural investigations demonstrated that better/deeper penetration of oxygen in thinner films due to 
the smaller grains and wider voids between them cause lower carrier concentration and more resistivity which in 
turn improves the sensitivity of ZnO thin films to H2 gas. 
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